Higher harmonic generation in mesoscopic metal wires and loops interrupted by tunnel junctions is explored experimentally. When the sample is biased with a sinusoidal varying current, we observe giant higher harmonics in the conductance fluctuations and the Aharonov-Bohm oscillations. We demonstrate that the harmonic content is directly related to the probability for an electron to return to the barrier after tunneling. The full set of experimental data is in quantitative agreement with theoretical predictions. ͓S0163-1829͑98͒01915-8͔
The classical model of conductivity, which completely omits the wave nature of electrons, needs revision when the size of a metal sample is of order of micrometers or less. In these mesoscopic samples electrons can traverse the metal phase coherently, which introduces significant corrections to the classical model due to quantum interference effects of electron waves. The experimental observations of weak localization, Aharonov-Bohm effect, and universal conductance fluctuations have clearly demonstrated the important role of quantum interference in transport properties. 1 Another important consequence of quantum interference, which is less well understood, is the nonlinear nature of the conductance. 2 A powerful method to characterize this nonlinearity experimentally is to study higher harmonic generation. The current through the sample is driven at a fundamental frequency and the voltage is detected at the harmonics N, where N ϭ 2, 3, 4, . . . . Earlier experiments on metal samples 3 and ballistic GaAs structures 4 showed the presence of higher harmonics, but the results were not understood completely. An experimental disadvantage of these systems is the fact that it is very difficult to apply an abrupt voltage drop across the sample. The voltage drop from one lead to the other is determined by the microscopic arrangement of impurities. This problem is circumvented when the wire is interrupted by a tunnel barrier. 5 In this system the voltage drops almost completely over the tunnel barrier, since the resistance of the tunnel junction is much larger than the resistance of the metal leads. The ability to apply an abrupt voltage drop is a necessary condition for a systematic study of higher harmonic generation. In this paper we experimentally explore the generation of higher harmonics in mesoscopic wires and rings. We study both the harmonic content of aperiodic conductance fluctuations and periodic Aharonov-Bohm oscillations and demonstrate the significantly different nonlinear response. The experiments are quantitatively described within a theoretical framework.
The higher harmonic generation has been studied in two types of samples: an Aharonov-Bohm ring interrupted by two small tunnel junctions and a metal wire interrupted by one tunnel junction. The mask of the samples was defined by electron beam lithography in a double layer PMMA ͑poly-methylmethacrylate͒ resist. Using a shadow evaporation technique the overlap Al-Al 2 O 3 -Al tunnel junctions were formed. The width of the arms of the aluminum ring is 60 nm and the circumference of the loop is 3.2 m. The total thickness of the wires is 65 nm. By determining the overlap areas of the two junctions we conclude that the conductances of the two junctions do not differ by more than 10%. This is confirmed by critical current measurements in the superconducting state in which the device operates as a SQUID. The tunnel conductance G T of the two junctions in parallel is 125 S. The wire interrupted by one tunnel junction is fabricated in the same way as the ring. The width of the left and right parts of the wire are 200 and 400 nm, respectively. The thickness of the wire is 65 nm. The tunnel conductance of the single junction is 57 S. Both the Aharonov-Bohm loop and the single wire are capacitively coupled on-chip to a low impedance platinum shunt resistor to create a well-defined electromagnetic environment.
Measurements were performed in a dilution refrigerator at a base temperature of 20 mK. Electrical leads were carefully filtered by microwave copper powder filters and RC filters at base temperature. At room temperature the leads were additionally filtered by ⌸ filters. The sample was mounted in two microwave-tight copper boxes at base temperature and an additional shield at 1 K. A sinusoidal current was injected into the sample at ϭ17 Hz. The voltage response was detected using a lock-in amplifier synchronized to one of the higher harmonics N.
The samples were biased with a current Iϭ Ī ϩI m cos (2t) 3,4 An example of higher harmonic generation for the aperiodic voltage fluctuations is shown in Fig. 1͑b͒ . The Aharonov-Bohm oscillations are digitally filtered out using Fourier analysis. The variance of the voltage fluctuations is computed from a set of 4000 data points measured from 1.0 to 5.0 T. In contrast to the Aharonov-Bohm oscillations the aperiodic fluctuations decrease for increasing N: ͗␦V 1 2 ͘ ϭ1260 ͑nV͒ 2 , ͗␦V 2 2 ͘ϭ411 ͑nV͒ 2 , and ͗␦V 3 2 ͘ϭ138 ͑nV͒ 2 . The Aharonov-Bohm oscillations and the conductance fluctuations in a system with tunnel junctions are due to interference of electron and hole trajectories as depicted in Fig.  2 . At a finite dc bias voltage V electric transport occurs when an electron tunnels from an occupied state in the left part to an empty state in the right part of the sample ͓Fig. 2͑a͔͒. At the moment of tunneling an electron-hole pair is created, which starts to diffuse through the sample. In the wire geometry ͓Fig. 2͑b͔͒, only those electron-hole trajectories that recombine at the tunnel barrier coherently contribute to the conductance fluctuations ͑CF͒. For one-dimensional diffusion the classical return probability for the electron or hole is
where D is the diffusion coefficient and S the wire cross section. Most of the electron-hole pairs interfere within a time t close to zero. However, in the Aharonov-Bohm ring ͓Fig. 2͑c͔͒ the return probability is maximum at t ϭL 2 /(2D), where L is the distance between the tunnel barriers, and the return probability is exponentially damped for small t. Only those electron-hole trajectories that are created at one junction and recombine at the other contribute to the Aharonov-Bohm ͑AB͒ conductance. The return probability is given by
The functional behavior of P cl AB (t) and P cl CF (t) are depicted in the insets of Figs. 4͑a͒ and 4͑b͒ , respectively. The significant difference between P cl AB and P cl CF results in a different higher harmonic response as was already demonstrated experimentally in Figs. 1͑a͒ and 1͑b͒ . The variance of the voltage analyzed at harmonic N is given by 6 ͗␦V N
where J N 2 ͓(e/ប)V m t͔ is the square of the Nth-order Bessel function of the first kind. The dephasing time describes the loss of coherence due to inelastic processes. The factor 2 arises because both the electron and hole contribute a factor e Ϫt/ to the integral. The prefactor Aϭ4V /(eប L R ) captures all variables that are time independent. The density of In summary, we have experimentally explored the generation of higher harmonics in Aharonov-Bohm and wire geometries. We demonstrate the direct relation between the higher harmonic generation and the classical return probability, which is significantly different for the voltage fluctuations and the Aharonov-Bohm oscillations. The full set of experimental data is consistently and quantitatively described by a theoretical model with two parameters: the phase breaking time and the diffusion coefficient. 
